The energy status of plant cells strongly depends on the energy metabolism in chloroplasts and mitochondria, which are capable of generating ATP either by photosynthetic or oxidative phosphorylation, respectively. Another energyrich metabolite inside plastids is the glycolytic intermediate phosphoenolpyruvate (PEP). However, chloroplasts and most non-green plastids lack the ability to generate PEP via a complete glycolytic pathway. Hence, PEP import mediated by the plastidic PEP/phosphate translocator or PEP provided by the plastidic enolase are vital for plant growth and development. In contrast to chloroplasts, metabolism in non-green plastids (amyloplasts) of starchstoring tissues strongly depends on both the import of ATP mediated by the plastidic nucleotide transporter NTT and of carbon (glucose 6-phosphate, Glc6P) mediated by the plastidic Glc6P/phosphate translocator (GPT). Both transporters have been shown to co-limit starch biosynthesis in potato plants. In addition, non-photosynthetic plastids as well as chloroplasts during the night rely on the import of energy in the form of ATP via the NTT. During energy starvation such as prolonged darkness, chloroplasts strongly depend on the supply of ATP which can be provided by lipid respiration, a process involving chloroplasts, peroxisomes, and mitochondria and the transport of intermediates, i.e. fatty acids, ATP, citrate, and oxaloacetate across their membranes. The role of transporters involved in the provision of energy-rich metabolites and in pathways supplying plastids with metabolic energy is summarized here.
Introduction
Chloroplasts and mitochondria harbour an enormous variety of metabolic processes including the photosynthetic assimilation of carbon, nitrogen, and sulphur, syntheses of fatty acids and secondary compounds, or the mitochondrial processing of carbohydrates. Indeed, one of the major tasks of both organelles is to generate ATP either by photophosphorylation or by oxidative phosphorylation to provide energy for metabolic reactions. Several transporters localized at the inner envelope membrane of both organelles serve to interconnect the metabolism between the stroma (chloroplasts), the matrix (mitochondria), and the surrounding cytosol. The key players in the inner envelope of chloroplasts are the triose phosphate/phosphate translocator (TPT) exporting the photosynthetically fixed carbon in the form of triose phosphates from the chloroplasts, mainly for the biosynthesis of sucrose (day pass of carbon; reviewed by Flü gge, 1999), and transporters for maltose and glucose, exporting the breakdown products of transitory starch to sustain the carbon supply to heterotrophic tissues during the night (night pass of carbon; Weber et al., 2000; Niittylä et al., 2004; Weise et al., 2004) . In contrast to chloroplasts, plastids of heterotrophic tissues rely on the import of ATP and carbon to drive the metabolic processes. ATP can be provided either by glycolysis or is generated via oxidative phosphorylation and exported via the mitochondrial ADP/ ATP carrier (AAC) present in non-green as well as in Abbreviations: AAC, mitochondrial ADP/ATP carrier; DTC, mitochondrial dicarboxylate/tricarboxylate carrier; GPT, plastidic glucose 6-phosphate/phosphate translocator; GT, plastidic glucose translocator; MEX, plastidic maltose transporter; NTT, plastidic nucleotide transporter; PNC, peroxisomal adenine nucleotide carrier; PPT, plastidic phosphoenolpyruvate/phosphate translocator; PXA1, peroxisomal ABC transporter 1; SUT1, sucrose H + -symporter; TPT, plastidic triose phosphate/phosphate translocator; XPT, plastidic pentose phosphate/phosphate translocator. ª The Author [2010] . Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com photosynthetic tissues (Haferkamp et al., 2002) . This transporter resembles that of the animal system and can specifically be inhibited by (carboxy)atractyloside and bongkrekic acid as is the case for its animal counterpart. The AAC from bovine heart mitochondria was the first eukaryotic membrane transporter to be isolated in an active state and to be sequenced almost 30 years ago (Riccio et al., 1975; Aquila et al., 1982 ; for a review see Klingenberg, 2008) . The plastidic counterpart of the AAC is represented by the nucleotide transporter NTT, which also catalyses an ATP/ADP counter-exchange. However, whereas AACs mediate an export of ATP from mitochondria, the NTT mediates an import of ATP into photosynthetically inactive plastids, i.e. chloroplasts at night and non-green plastids (Heldt, 1969; Schü nemann et al., 1993; Neuhaus et al., 1997) . More recently, it has been shown that ADP plus Pi rather than solely ADP are co-exported in exchange for ATP (Trentmann et al., 2008) . Thus, phosphate homeostasis within the plastids is maintained and an additional phosphate export system (as is the case in mitochondria) is dispensable. Whereas AACs belong to the mitochondrial carrier family (MCF) and function as homodimers made up of 236 transmembrane spans, members of the NTT family possess ;12 transmembrane helices with no structural similarities to MCF-type proteins.
The energy-rich glycolytic intermediate phosphoenolpyruvate (PEP) can also be delivered from the cytosol to plastids via the PEP/phosphate translocator (PPT) (Fig. 1; Fischer et al., 1997) . This transport represents the main route of PEP supply to plastids, since chloroplasts and most nongreen plastids, except for plastids of lipid-storing tissues, lack the ability to form PEP via a complete glycolytic pathway. Inside the plastids, PEP serves as a substrate for the plastidic pyruvate kinase (PK) transferring high energy phosphate from PEP (DG o #¼ -62 kJ mol À1 ) to ADP generating pyruvate and ATP (DG o #¼ -57.8 kJ mol À1 ). PEP and pyruvate act as precursors for several pathways including fatty acid biosynthesis or the shikimate pathway (see below). The PPT belongs to the plastidic phosphate translocator family which also comprises the abovementioned TPT present only in photosynthetically active tissues, the pentose phosphate/phosphate translocator XPT (Eicks et al., 2002) , and the glucose 6-phosphate (Glc6P)/ phosphate translocator GPT (Kammerer et al., 1998) . The GPT is preferentially expressed in non-green tissues and mediates the import of carbon skeletons in the form of Glc6P into plastids, for example, for starch biosynthesis or the oxidative pentose phosphate pathway (OPPP) delivering reduction equivalents, for instance, for fatty acid biosynthesis or nitrite reduction. Arabidopsis thaliana contains two GPT genes, GPT1 and GPT2, but only the loss of GPT1 function in A. thaliana leads to an arrest of pollen and ovule development and ultimately to lethality, presumably due to a disruption of the OPPP, which, in turn, affects fatty acid biosynthesis during gametogenesis (Niewiadomski et al., 2005) . Members of the plastidic phosphate translocator family function as dimers and mediate a strict counterexchange of various phosphorylated intermediates with inorganic phosphate (for reviews see Flü gge, 1999; Weber and Fischer, 2007) .
This review covers three different aspects of transportermediated energy supply to plastids, namely (i) the role of PEP as an energy-rich intermediate in plastid metabolism, (ii) approaches to enhance sink-strength capacity in heterotrophic tissues by supplying energy and carbon skeletons to plastids, and (iii) lipid respiration and the involvement of transport proteins in energy supply to chloroplasts.
Phosphoenolpyruvate plays a central role in plant metabolism
Phosphoenolpyruvate (PEP) represents a central, energy-rich intermediate of both catabolism and anabolism in prokaryotes and eukaryotes and plays a key role in the cytosol and plastids of plant cells. Besides its function as an intermediate of glycolysis, PEP can be subjected to carboxylation by cytosolic PEP carboxylase (PEPC) producing the C4-compound oxaloacetic acid (OAA), which is a key step in plants performing C 4 -or crassulacean acid metabolism (CAM) (Edwards et al., 2001; Lüttge, 2002) . Compared with C 4 -and CAM-plants, PEPC in C 3 -plants is much less abundant and has an anaplerotic function in that it replenishes the tricarboxylic acid (TCA) cycle with carbon skeletons in the form of 2-oxoglutarate, when there is an increased demand for ammonia assimilation, via the plastidic Fig. 1 . The role of phosphoenolpyruvate in plastid metabolism. Phosphoenolpyruvate (PEP) derived from cytosolic glycolysis can be imported into plastids by the PPT. In principle, PEP can also be generated via PPDK or via a complete glycolytic pathway in plastids. However, PPDK is only moderately expressed in mature leaves and ENO1 is absent in photosynthetically active tissues. Plastidic PEP and pyruvate produced by PKp are substrates for multiple pathways. For details, see text. ENO1, plastidic enolase 1; ENOc, cytosolic enolase; PGyMp, plastidic phosphoglyceromutase; PGyMc, cytosolic phosphoglyceromutase; PPDK, pyruvate,orthophosphate dikinase; PKc, cytosolic pyruvate kinase; PKp, plastidic pyruvate kinase; PPT, phosphoenolpyruvate/phosphate translocator; TPT, triose phosphate/phosphate translocator. glutamine synthetase/glutamate synthase (GS/GOGAT) cycle (for a review see Weber and Flü gge, 2002) . Furthermore, in the overall process of gluconeogenesis (Sung et al., 1988) , for example, starting from lipid mobilization followed by b-oxidation of fatty acids and the subsequent glyoxylate cycle, PEP is formed from OAA in an ATP-dependent reaction catalysed by the cytosolic PEP carboxykinase (PEPCK) (Leegood and Walker, 2003) . As decarboxylating enzyme, PEPCK plays an important role in the CO 2 -concentrating mechanism in certain types of C 4 -and CAM-plants (Edwards et al., 2001; Lü ttge, 2002) .
In chloroplasts as well as in plastids of heterotrophic tissues, PEP, together with erythrose 4-phosphate, an intermediate of both the reductive and oxidative pentose phosphate cycle/pathway, is the direct precursor for the shikimate pathway, which delivers the aromatic amino acids phenylalanine, tyrosine, and tryptophan. The shikimate pathway is exclusively localized within the plastid stroma (Schmid and Amrhein, 1995 ; for reviews see Herrmann, 1995; Herrmann and Weaver, 1999) . Besides their role as constituents of proteins, aromatic amino acids are precursors for a huge variety of plant secondary metabolites including flavonoids, anthocyanins, lignins or indolic glucosinolates, and in the case of tryptophan also for the phytohormone auxin. PEP in plastids is closely linked to pyruvate metabolism in the same organelle. Inside the stroma, PEP can be sequentially metabolized to pyruvate and acetyl-CoA by the plastidic pyruvate kinase (PK) and the pyruvate dehydrogenase complex (PDH; Reid et al., 1977; Elias and Givan, 1979; Lernmark and Gardeströ m, 1994) and thus enters the biosynthesis of fatty acids (for reviews see Dennis, 1989; Ohlrogge and Jaworski, 1997) , which are quantitatively important for triacylglycerol (TAG) production in oil seeds (Ruuska et al., 2002; reviewed by Voelker and Kinney, 2001; Rawsthorne, 2002) . Like the shikimate pathway, the de novo biosynthesis of fatty acids is localized exclusively to plastids (Ohlrogge et al., 1979 ; reviewed by Ohlrogge and Jaworski, 1997) . Moreover, stromal pyruvate can act as a precursor for the synthesis of branched-chain amino acids (Schulze-Siebert et al., 1984) , and together with glyceraldehyde 3-phosphate for the mevalonate-independent way (2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 5-phosphate pathway; MEP/DOXP pathway) of plastidic isoprenoid biosynthesis (for a review see Lichtenthaler, 1999) . A variety of essential components derive from the MEP/DOXP pathway (Cordoba et al., 2009) , such as plastoquinone, tocopherols, gibberellins, phytol-PP involved in chlorophyll biosynthesis, carotenoids, strigolactones, and the phytohormone abscisic acid (ABA). Moreover, the MEP pathway has been shown to provide the prenyl side chain of the cytokinins trans-zeatin and isopentenyl adenine via plastid-localized isopentenyltransferases (Kasahara et al., 2004) .
To date, it is not resolved whether pyruvate is imported into plastids at sufficient rates or whether most of the plastidic pyruvate derives from PEP via the action of PK. Studies of knock-down mutants or anti-sense plants of plastidlocalized PK (PKp) revealed that seed development and oil content were severely compromised (Andre et al., 2007; Baud et al., 2007a) indicating that pyruvate as precursor for fatty acid biosynthesis is provided from PEP inside the plastids rather than by pyruvate import from the cytosol. This aspect of embryo development has recently been analysed further by 13 C flux studies (Lonien and Schwender, 2009 ) with A. thaliana mutant plants compromised in PKp (Baud et al., 2007a) or with wri1 (Focks and Benning, 1998; Ruuska et al., 2002; Baud et al., 2007b) . The wri1 mutant is defective in a transcription factor (Cernac and Benning, 2004 ) that regulates the expression of genes involved in carbohydrate metabolism (e.g. glycolysis). Both pkp1/pkp2 double mutants and wri1 exhibit a severe decrease in seed oil content. Hence, in Arabidopsis wild-type plants the majority (89%) of plastidic pyruvate used for fatty acid biosynthesis in seeds was derived from PKp, and the residual might be shared by pyruvate import and oxidative decarboxylation by the plastidic malic enzyme converting malate into pyruvate and CO 2 .
The pivotal role of PEP supply to plastids
As described above, PEP supply to plastids plays a pivotal role in plants. It is therefore obvious that a restriction in or the absence of PEP supply to plastids would be fatal for plant performance.
There are, in principle, three ways to supply PEP to the plastid stroma. PEP can be supplied (i) by import from the cytosol, (ii) by plastidic glycolysis starting from 3-phosphoglycerate (3-PGA) involving phosphoglyceromutase (PGyM) and enolase (ENO), or (iii) from plastidic pyruvate by pyruvate,orthophosphate dikinase (PPDK). The reaction driven by PPDK is an essential step in C 4 -and CAM-plants ( Edwards et al., 2001; Lü ttge, 2002) , but also occurs in C 3 -plants (Chastain et al., 2002; Hibberd and Quick, 2002; Parsley and Hibberd; (Fig. 1) .
As mentioned, the import of PEP into plastids is mediated by the PEP/phosphate translocator (PPT), which also accepts 2-phosphoglycerate (2-PGA) as a counter-exchange substrate (Fischer et al., 1997) . A. thaliana contains two PPT genes (PPT1 and PPT2), which show different temporal and spatial expression patterns (Knappe et al., 2003) . PPT2 is uniformly expressed in the leaf blade, but not in roots, whereas PPT1 expression is restricted to the vasculature of leaves, but is also found in root tips, lateral root formation zones, and the central cylinder, in particular, in xylem parenchyma cells (Knappe et al., 2003) . Moreover, both genes are also expressed in developing embryos albeit at different stages (http://bar.utoronto.ca/efp/cgi-bin/ efpWeb.cgi/; Winter et al., 2007) .
PEP import from the cytosol appears to be essential as chloroplasts and most non-green plastids have been reported to lack the ability to form PEP via glycolysis due to the absence or low activity of either or both phosphoglyceromutase (PGyMp) and enolase (Stitt and ap Rees, 1979; SchulzeSiebert et al., 1984; Journet and Douce, 1985; Bagge and Larsson, 1986; Van der Straeten et al., 1991; Miernyk and Dennis, 1992; Borchert et al., 1993) . The plastid-localized Transport and energy | 2383 enolase (ENO1) from A. thaliana has recently been identified and functionally characterized (Prabhakar et al., 2009) . Most strikingly, the single copy gene ENO1 is not expressed in photosynthetic tissues, but exhibits high transcript abundance in developing siliques as well as in the apical meristem of the shoot and in non-root hair cells of the root. In addition to plastids of lipid-storing tissues, plastids of these tissues are expected to possess a complete glycolytic pathway. Interestingly, ENO1 is also highly expressed in trichomes of young leaves. Regarding PGyM and according to the ARAMEMNON database (http://aramemnon.botanik .uni-koeln.de/; Schwacke et al., 2003) , the genome of A. thaliana contains 24 putative PGyM genes. Six out of these genes encode proteins with a strongly predicted N-terminal transit peptide for plastid targeting (At1g22170, At1g58280, At1g78050, At3g52155, At5g22620, and At5g62840). Whereas At1g22170 and At1g78050 are not expressed in photosynthetically active tissues, the transcripts of the other four are also abundant in leaves suggesting that 2-PGA (imported by the PPT; Fischer et al., 1997) can be formed from 3-PGA also in chloroplasts. Thus, ENO1 appears to be the only missing glycolytic enzyme in photosynthetically active tissues of A. thaliana.
The third way to provide PEP to plastids would be the ATP-dependent conversion of pyruvate and Pi to PEP catalysed by PPDK (Fig. 1) . This reaction is essential in certain types of C 4 -and CAM-plants (Aoyagi and Bassham, 1984; Holtum and Winter, 1982; Winter et al., 1982) . In maize, for instance, which belongs to the NADP-malic enzyme type of C 4 -plants, PPDK is highly active in mesophyll chloroplasts. Similar to C 4 -plants (Sheen, 1991; Rosche and Westhoff, 1995) , PPDK has been shown to be dually targeted to the cytosol and the chloroplasts in C 3 -plants ( Parsley and Hibberd, 2006) . However, there is no evidence so far that plastidic PEP production via PPDK plays a significant role in C 3 -plants. Moreover, PPDK in A. thaliana shows the highest transcript abundance in mature pollen and is only moderately expressed in other tissues (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi/; Winter et al., 2007) . Furthermore, it is not clear whether pyruvate import into plastids occurs at rates sufficient for PEP synthesis via PPDK.
Mutants of A. thaliana impaired in PEP supply to the plastids
Knock-out mutants are valuable tools to study gene functions. The A. thaliana chlorophyll a/b binding protein underexpressed1 mutant (cue1) is defective in PPT1 (Streatfield et al., 1999) . The cue1 mutant has been isolated in a screen for mutants impaired in phytochrome-dependent de-etiolation (Li et al., 1995) . Amongst the group of a total of nine different cue mutants (Ló pez-Juez et al., 1998) , cue1 is unique in that it exhibits a characteristic reticulate leaf phenotype, with normally developed bundle sheath, but underdeveloped mesophyll cells and chloroplasts therein (Li et al., 1995; Kinsman and Pyke, 1998) . Interestingly, the reticulate leaf phenotype along with the aberrant development of mesophyll cell chloroplasts could be rescued by feeding a cocktail of all three aromatic amino acids, thus supporting the shortage of end-products of the shikimate pathway (Streatfield et al., 1999) . However, the isolation of a second functional PPT gene from A. thaliana (PPT2) together with the tissue-and cell-specific expression profiles of both PPT genes (Knappe et al., 2003) threw some doubt on the general role of PPT1 in the production of aromatic amino acids and follow-up products . A complementation of the cue1 phenotype could be achieved by constitutive overexpression of a heterologous PPT from cauliflower buds or both endogenous PPT genes from A. thaliana, albeit less effective for PPT2 (Knappe et al., 2003) . Moreover, the deficiency in PEP provision to plastids in cue1 could be overcome by constitutive overexpression of a C 4 -type PPDK targeted to the plastids , suggesting that pyruvate import into plastids operates at least in those cells, which are responsible for the cue1 leaf phenotype in the absence of PPT1.
It would be challenging to gather more information on the role of PPT2 in PEP supply to plastids. However, to date, there are no knock-out mutants of the PPT2 gene available. It is conceivable that a combined knock-out of PPT1 and PPT2 leads to lethality of plants, provided that PEP provision by plastidic glycolysis or via PPDK are unable to compensate for a lack of PEP import into plastids.
Recently A. thaliana knock-out mutants defective in the plastidic ENO1 have been isolated and characterized further (Prabhakar et al., 2009) . The mutant plants lacked any obvious phenotype on the macroscopic scale, suggesting that ENO1 is redundant for plant development and metabolism, even in those tissues where ENO1 transcripts are highly abundant, such as roots and siliques. At the microscopic scale, however, eno1 mutants exhibited distorted trichomes and aberrant numbers of root hair cells, features that are in accordance with the cellular expression pattern of the ENO1 gene, i.e. in trichomes of young leaves and in non-root hair cells of the roots. These observations indicate that a complete plastidic glycolysis at least determines trichome and root hair development. However, the molecular mechanisms behind these developmental constraints in the absence of ENO1 are still unresolved (for more detailed information see Prabhakar et al., 2009) .
Strikingly, the offspring of crosses between different alleles of cue1 with eno1 could not be established as double homozygous lines (Prabhakar et al., 2010) indicating that a combined deficiency of PEP import by PPT1 and PEP provision by plastidic glycolysis leads to lethality. Even the portion of heterozygous eno1 mutants in the homozygous cue1 background (cue1/eno1[+/-]) was far below expectation. The cue1/eno1(+/-) plants exhibited a pronounced phenotype, such as growth retardation, disturbed flower development, and up to 80% seed abortion. This result was surprising as A. thaliana contains a second functional PPT gene (i.e. PPT2), which is expressed, apart from roots, in most vegetative and generative tissues, and a PPDK gene, which could provide PEP from pyruvate in plastids. However, neither PPT2 nor PPDK is capable of compensating for the deficiencies in PPT1 and ENO1. Thus, normal development of A. thaliana plants depends on the presence of these two genes. Diminished oil content in seeds, a decline in flavonoid and aromatic amino acid contents in flowers, compromised lignin biosynthesis in stems and aberrant exine formation in pollen indicate that in cue1/eno1(+/-) more than one pathway is disrupted. Whilst diminished fatty acid biosynthesis from PEP via plastidic PK appears to result in seed abortion, a restriction in the shikimate pathway affects the formation of sporopollenin in the pollen sac tapetum and lignin in the stem. Vegetative parts of cue1/ eno1(+/-) contained increased levels of free amino acids and jasmonic acid (JA) (Prabhakar et al., 2010) . It has been demonstrated that an increase in JA levels causes growth retardation, for example, in the cev1 mutant defective in the cellulose synthase CeSA3 (Ellis et al., 2002 ) or in the fatty acid oxygenation up-regulated8 (fou8) mutant (Rodríguez et al., 2010) . Wound-induced increased JA levels inhibit mitosis and thus result in stunted growth or a 'bonsai' phenotype of the shoot (Zhang and Turner, 2008) . It is therefore likely that increased JA levels are the major reason for growth retardation of cue1/eno1(+/-) plants.
Remarkably, overexpression of ENO1 in the cue1 background could rescue the reticulate leaf cue1 mutant phenotype as well as growth retardation of the roots in cue1 (Prabhakar et al., 2010) , again indicating that ENO1 is the only missing enzyme for a complete plastidic glycolysis in chloroplasts and some heterotrophic plastids.
The cue1 mutant and, more so, the cue1/eno1(+/-) double mutant appears to exhibit multiple pleiotropic phenotypes. However, considering the multi-faceted role of plastidic PEP, there is an insufficient set of data in order to understand fully the interactions and interdependencies of individual metabolic or signalling pathways, which might be disrupted in the mutants to a different degree, depending on the cell or tissue type or developmental stage of the plants. Transcriptomic combined with metabolomic approaches will shed more light on unresolved questions, in particular, with the aid of inducible promoter systems that drive the transient repression of the involved genes. Time series upon induction of gene repression will help to dissect primary from pleiotropic effects due to the loss of gene function.
The import of carbon and energy into plastids determines sink strength in heterotrophic tissues
Amyloplasts as non-photosynthetic plastids of sink tissues are the site of various anabolic pathways, for example, biosyntheses of starch and fatty acids or nitrogen assimilation. These processes are dependent on carbon skeletons, energy, and/or reduction equivalents that cannot be generated within the plastids. These plastids depend, therefore, on the provision of carbon and energy (Entwistle and ap Rees, 1988) . The GPT is the main provider of carbon in the form of Glc6P derived from sucrose which is delivered from the source tissue and converted into hexose phosphate via the combined actions of invertase, sucrose synthase, UPDglucose pyrophosphorylase, and hexokinases (Kammerer et al., 1998) . The imported Glc6P simultaneously serves as a substrate for the OPPP generating NADPH and as a direct substrate for starch biosynthesis. Energy in the form of ATP is provided via the NTT using ATP generated via glycolysis or oxidative phosphorylation (Neuhaus et al., 1997;  Fig. 2A ).
As mentioned above, amyloplasts and chloroplasts do not appear to possess a complete glycolytic pathway to provide ATP via substrate-level phosphorylation. This view is supported by the observation that a repression of the potato NTT leads to decreased tuber yield and starch contents (Tjaden et al., 1998) . Even if amyloplasts possessed a complete glycolytic pathway, oxidative phosphorylation is far more effective than substrate-level phosphorylation.
An increase in starch content is an important breeding goal since starch is not only used for food production but also serves as a basic product for a variety of industrial applications. Various approaches have been used to increase the starch content of starch producers such as potato. In principle, pull-approaches aiming at the increase of the sinkstrength and push-approaches intending to enhance the source capacity can be distinguished. A first pull-approach was the tuber-specific overexpression of a bacterial ADPglucose pyrophosphorylase (AGPase), the key enzyme of starch biosynthesis (Stark et al., 1992) . In contrast to the plant enzyme, the bacterial AGPase is not subjected to an allosteric regulation via the 3-phosphoglycerate/phosphate ratio. Although increased tuber starch levels were reported, subsequent experiments showed, however, that the beneficial effects of increasing the flux through AGPase were reverted by an enhanced starch turnover (Sweetlove et al., 1996) .
A different pull-approach was followed by . Based on the idea that the availability of substrates for starch biosynthesis, i.e. hexose phosphates and ATP and the concomitant supply to plastids might be limiting, potato plants overexpressing the GPT and/or the NTT were generated. The ectopic or tuber-specific overexpression of the single genes did not show any effect on tuber starch content, however, the simultaneous and tuber-specific expression of both genes resulted in increased tuber yield and a 40% increase in total starch content under greenhouse conditions. These data clearly demonstrate that starch biosynthesis is co-limited by both the availability of carbon and energy as the main variables for an increased starch content in sink tissues. It also shows that potato belongs to sink-limited plants, in which increased harvestable yields can be achieved by increasing the sink-strength (pull-approach) but only to a limited extent by push-approaches, i.e. by solely increasing the source capacity. Enhanced starch content has also been accomplished by modulating the nucleotide levels in potato tubers either by down-regulating the uridine monophosphate (UMP) synthase leading to enhanced uridine nucleotide pool levels in tubers (Geigenberger et al., 2005) or by downregulating the activity of the plastidic adenylate kinase leading to increases in the adenylate pool (Regierer et al., 2002) . These Transport and energy | 2385 results appear somehow striking since only the combined overexpression of the GPT and the NTT resulted in increased starch contents, i.e. cytosolic nucleotide levels are presumably not limiting . The sole NTT overexpression should therefore also lead to enhanced nucleotide levels in plastids and, in consequence, to increased starch content. This is, however, not the case. It can be assumed that the modulation of the nucleotide levels, even if reflected only by increased plastidic nucleotide levels, might have caused a pleiotropic effect on the expression of the GPT gene.
Can starch content of sink-limited plants be further increased by engineering carbon supply from source tissues?
Push-approaches, i.e. attempts to increase the yield of sink organs by enhancing the source capacity have mainly been conducted in potato. The underlying ideas were either to redirect photosynthates to sucrose synthesis at the expense of leaf starch accumulation or to increase sucrose production and loading into the phloem (Fig. 2B) . The first approach covered a down-regulation of the leaf ADP-glucose pyrophosphorylase (AGPase) activity, the key enzyme also in transitory starch biosynthesis. This down-regulation is expected to result in increased sucrose biosynthesis at the expense of transitory starch. Transgenic plants, however, did not display any increase in tuber yield (Ludewig et al., 1998) . The second approach to redirect photosynthesis products to sucrose synthesis and further to sink organs was also not successful: two steps in the pathway towards sucrose synthesis release pyrophosphate, i.e. the pyrophosphatedependent phosphofructokinase (PFP) and the UDP-glucose pyrophosphorylase (UGPase). Cytosolic expression of a heterologous pyrophosphatase (PPase) would eliminate pyrophosphate as a substrate for the back-reaction of sucrose towards glycolysis and thus drive metabolite flux towards sucrose synthesis (Jelitto et al., 1992;  Fig. 2B) . Furthermore, the level of orthophosphate, the product of the PPase reaction, would increase and be available as a substrate for the TPT to enhance the export of triose phosphates from chloroplasts to the cytosol for sucrose synthesis. However, companion cells rely on sucrose breakdown and thus pyrophosphate is required for the UGPase reaction to generate ATP (Geigenberger et al., 1993) . ATP, in turn, serves as a substrate for the plasma membrane ATPase which generates the driving force for the uptake of sucrose. Hence, if ATP cannot be provided, sucrose uptake into companion cells is halted, sucrose accumulates in leaves and can no longer be allocated to sink organs. As a consequence, these plants show a severe growth retardation (Sonnewald, 1992; Lerchl et al., 1995) . To overcome this problem, a mesophyll-specific promoter has been identified and isolated. Transgenic plants expressing the pyrophosphatase under the control of this promoter were no longer affected in growth but still showed no positive effect on tuber yield (U. Sonnewald, personal communication). The more direct approach to increase sucrose phloem loading by overexpression of the proton/sucrose symporter SUT1 from spinach also did not result in an increase in tuber yield (Leggewie et al., 2003; Fig. 2B) . These data clearly demonstrate that enhancing source strength in sink-limited potato plants neither leads to increased tuber yield nor to increased starch content. It is, however, entirely conceivable to combine both push-and pull-approaches. If the sink-strength exceeds the source capacity, photosynthate production and allocation would become limiting for the In source tissues, the TPT represents the day path of carbon and MEX/GT functions as the night pass of carbon from chloroplasts. Sucrose is loaded into the phloem by the proton/sucrose transporter SUT1. A moderate inhibition of the AGPase is expected to favour sucrose biosynthesis at the expense of starch formation. On the other hand, the introduction of a PPase prevents sucrose from being degraded via glycolysis. For details, see text. AGPase, ADP-glucose pyrophosphorylase; GPT, glucose 6-phosphate/phosphate translocator; GT, glucose translocator; MEX, maltose transporter; NTT, plastidic nucleotide transporter; PPase, pyrophosphatase; SUT1, sucrose H + -symporter; TPT, triose phosphate/phosphate translocator; UGPase, UDP-glucose pyrophosphorylase.
further enhancement of yield. A combination of approaches to increase sink and source capacities simultaneously might lead to further advances in crop plant yield.
Lipid respiration and the involvement of membrane transporters in energy supply to chloroplasts
In addition to energy derived from the oxidation of carbohydrates, plant lipids may serve as a resource to provide chloroplasts with energy equivalents as ATP. This process involves three plant cell organelles: chloroplasts, peroxisomes, and mitochondria. Chloroplasts are the main source of fatty acids, peroxisomes are the site of fatty acid degradation, and ATP generation from peroxisomal b-oxidation products takes place in mitochondria. Storage lipids are most prominently known as a supplier of carbon and energy in oil-storing seeds from plants like Arabidopsis, canola or sunflower (reviewed by Graham, 2008) . Here, lipids are accumulated predominantly as triacylglycerol (TAG) in phospholipid monolayer-enclosed structures termed oil bodies, which are localized in the cytosol and originate from the endoplasmatic reticulum, the site of TAG biosynthesis (Lung and Weselake., 2006) . However, oil bodies are usually absent from leaf cells harbouring photosynthetically active chloroplasts and, as such, cannot contribute to the energy supply of chloroplasts.
In mature leaf cells, the majority of lipids are localized in chloroplasts (Browse and Somerville., 1994) and occur mainly as galactolipids of thylakoid membranes and as a mixture of TAG, free fatty acids, and other lipophilic substances accumulated in plastoglobules, small lipid-rich droplets associated with thylakoid membranes (reviewed by Bréhélin et al., 2007) . For degradation, these lipids first need to be cleaved by chloroplast-localized lipases into fatty acids and the corresponding binding partner, glycerol in most cases (Fig. 3) . Subsequently, fatty acids need to be transported into peroxisomes where they can be degraded via b-oxidation. A candidate membrane protein for fatty acid import into peroxisomes is the ABC transporter PXA1 (synonyms: CTS, Ped3) which has been identified in several studies to be involved in b-oxidation of fatty acids (Zolman et al , 2001; Footitt et al., 2002; Hayashi et al., 2002) . It has recently been shown that free fatty acids and TAG probably derived from thylakoid membranes, build up in high amounts in leaves of plants defective in the peroxisomal ABC transporter PXA1 when exposed to extended darkness, i.e. in energy starvation conditions (Kunz et al., 2009; Slocombe et al., 2009) . Under this condition, pxa1 mutants developed severe leaf necrosis and finally died whereas wildtype plants remained unaffected. Moreover, it could be Fig. 3 . Lipid respiration as a tool to supply plastids with ATP during extended darkness. Plastoglobule (indicated by two black circles) and thylakoid-derived fatty acids enter peroxisomes via PXA1, are ATP-dependently activated and subjected to b-oxidation. ATP used for activation is imported via the peroxisomal ATP/AMP antiporter PNC. The resulting acetyl-CoA is condensed with oxaloacetate to citrate which is imported into the mitochondria by the DTC. ATP is generated within the mitochondria via the TCA cycle/oxidative phosphorylation and exported by the AAC. ATP drives energy-dependent cytosolic reactions and provides chloroplasts with metabolic energy via the NTT. AAC, mitochondrial ADP/ATP carrier; DTC, dicarboxylate/tricarboxylate carrier; NTT, plastidic nucleotide transporter; PNC, peroxisomal adenine nucleotide carrier; PXA1, peroxisomal ABC transporter 1; TCA cycle, tricarboxylic acid cycle.
shown that the energy status, as the ATP/ADP ratio of plants lacking a functional PXA1, is reduced compared with wild-type plants. Starch-free mutants with a down-regulated PXA1 activity showed severe leaf necrosis in response to much shorter dark periods compared with pxa1 single mutants (Kunz et al., 2009) . It therefore appears likely that fatty acids from chloroplast lipids are, in fact, contributing to energy provision in plants by lipid respiration if readily available sources like carbohydrates are in short supply (Fig. 3) . While for the import of fatty acids into peroxisomes a wealth of evidence is pointing at PXA1 as the mediating transporter, little is known so far about the molecular nature of the fatty acid export machinery from chloroplasts (reviewed by Benning, 2009 ), even though this export needs to occur to the same extent as peroxisomal import in energy starvation conditions.
In order to enter peroxisomal b-oxidation, fatty acids need to be activated through thioester formation with coenzyme A (CoA) yielding acyl-CoA. Although a recent study indicates that fatty acids are transported as acyl-CoAs by PXA1 (Nyathi et al., 2010) , the existence of long-chain acylCoA synthases inside peroxisomes and the dramatic seedling non-establishing phenotype in their loss of function mutants (Fulda et al., 2004) highlight the necessity of fatty acid activation inside peroxisomes.
Besides CoA, fatty acid activation requires ATP which cannot be generated inside peroxisomes and hence has to be imported. The peroxisomal membrane proteins mediating this transport as strict ATP/AMP antiport have recently been identified as PNC1 and PNC2, members of the mitochondrial carrier family (MCF) (Arai et al., 2008; Linka et al., 2008) . RNAi plants with decreased PNC1/2 expression showed reduced seedling growth, an accumulation of fatty acids, fatty acid acyl-CoA esters, and oil bodies indicative for an impaired b-oxidation of fatty acids. Furthermore, storage lipid breakdown during germination was reduced. T-DNA pnc1/2 double mutants could not be isolated indicating that functional peroxisomal ATP import is essential for plant viability. A similar importance may be expected for the import of CoA into peroxisomes since a CoA synthesis pathway has not been reported inside peroxisomes. Coenzyme A could partly enter peroxisomes as acyl-CoA through PXA1 but additional CoA would be needed for subsequent keto-acyl thiolase (KAT2)-mediated reactions yielding acetyl-CoA. Hence, a separate peroxisomal CoA import system is probably necessary but still awaits identification.
The final product of fatty acid b-oxidation is acetyl-CoA which can be converted through the action of the peroxisomal citrate synthase to citrate using oxaloacetate as a co-substrate. Analysis of citrate synthase double mutants (cys2/3) strongly suggests that lipid respiration proceeds via citrate synthase and citrate export in germinating seedlings (Pracharoenwattana et al., 2005) and probably also in mature leaves. The glyoxylate cycle, alternatively mediating the conversion of acetyl-CoA to succinate in peroxisomes and ultimately of lipids to carbohydrates, is probably inactive in leaves since the two key enzymes, malate synthase and isocitrate lyase, are not expressed in Arabidopsis leaves in regular or carbon starvation conditions (Buchanan-Wollaston et al., 2005; van der Graaff et al., 2006) . The origin of oxaloacetate in peroxisomes is unclear so far but is probably imported from mitochondria where it is an intermediate of the TCA cycle. In fact, the inner mitochondrial membrane harbours a transporter belonging to the mitochondrial carrier family (MCF) that has been demonstrated to mediate a counter-exchange of dicarboxylates (like oxaloacetate) against tricarboxylates (like citrate) (DTC) (Picault et al., 2002) . Thus, a transporter mediating the equivalent antiport of citrate and oxaloacetate in the peroxisomal membrane might be expected but has not been identified yet. ATP generated inside the mitochondria from imported citrate via the TCA cycle/oxidative phosphorylation would then be exported into the cytosol via members of the ADP/ATP carrier family (AAC).
In the cytosol, ATP could be diverted into several metabolic pathways, however, ATP would need to be imported into the chloroplasts in order to contribute to chloroplast energy supply. This import is mediated by the above-mentioned plastidic transporters (NTT) residing in the inner envelope membrane of both chloroplasts and non-green plastids (Neuhaus et al., 1997) . A. thaliana possesses two NTTs, NTT1 and NTT2, with similar transport characteristics. The loss of NTT2 but not of NTT1 leads to a retarded supply of plastids with cytosolic ATP resulting in a reduced seed oil phenotype. Only under short-day but not under long-day conditions, the ntt2 mutant showed, in addition, a strongly reduced average size of the leaf rosette demonstrating that nocturnal ATP uptake into plastids is required for proper plant development (Reiser et al., 2004) . Arabidopsis mutants defective in both plastidic ADP/ATP transporters show a dwarf growth phenotype under short-day conditions and develop necrotic lesions demonstrating the particular importance of nocturnal ATP import into chloroplasts (Reinhold et al., 2007) . The double mutant accumulates high levels of protoporphyrin IX (Proto IX), an intermediate of chlorophyll biosynthesis which is also known as a photosensitizing agent (for a review see Solymosi and Schoefs, 2010) . Proto IX is subsequently converted into Mg-Proto IX in the wildtype but not in the mutant because this step is strongly dependent on ATP. The increased Proto IX levels presumably led subsequently to a light-dependent generation of reactive oxygen species and finally to cell death (Reinhold et al., 2007) .
Together, the necessity of external energy supply to chloroplasts increases in starvation conditions and can be met, in part, through the respiration of lipids under the co-ordinated participation of chloroplasts, peroxisomes, and mitochondria. While many of the transmembrane proteins involved in transport processes of metabolic intermediates have been identified at the molecular level, others are still unknown. Future research will need to focus on revealing all the participating transporters and how their activity is co-ordinated with the metabolic pathways involved in response to conditions where lipid respiration is necessary.
Concluding remarks
Using functional genomics approaches, much progress has been made in the recent past to identify, classify, and characterize plant metabolite transporters. There is an increasing number of examples demonstrating that solute transporters can play a key role in cellular metabolism and signal transduction rather than representing minor or even negligible steps in a given pathway or network. This review gives only a few examples for the pivotal roles transporters can perform: (i) the loss of PEP supply to plastids mediated by the PPT is lethal if the plastids do not possess a complete glycolytic pathway, (ii) energy supply to plastids via the NTT is not only crucial for non-green plastids but also for chloroplasts to survive night phases, (iii) transport processes can be decisive for the determination of yield quantity as illustrated for the combined action of the GPT and NTT in the determination of sink strength, and (iv) a functional PXA1 is not only required during germination but is also essential to actuate lipid respiration and for plant survival in extended darkness. These examples are restricted to the aspect of energy supply to plastids. There are numerous other examples, and it can be predicted that these numbers will increase with the exploration of further transport functions in the future.
